Eight strains each of Bacillus subtilis, Bacillus pumilus, Bacillus licheniformis, and Bacillus amyloliquefaciens were analyzed by using pyrolysis gas-liquid chromatography. Statistical analysis with canonical variates gave four well-separated groups, which represented the four species. Further analysis of the same strains by deoxyribonucleic acid-deoxyribonucleic acid hybridization and API identification systems confirmed the discrimination obtained with pyrolysis gasliquid chromatography. However, analysis by biochemical tests performed in the classical way gave only three groups since it was not possible to achieve separation of the strains representing B. subtilis from those of B. amyloliquefaciens when these tests were used.
Eight strains each of Bacillus subtilis, Bacillus pumilus, Bacillus licheniformis, and Bacillus amyloliquefaciens were analyzed by using pyrolysis gas-liquid chromatography. Statistical analysis with canonical variates gave four well-separated groups, which represented the four species. Further analysis of the same strains by deoxyribonucleic acid-deoxyribonucleic acid hybridization and API identification systems confirmed the discrimination obtained with pyrolysis gasliquid chromatography. However, analysis by biochemical tests performed in the classical way gave only three groups since it was not possible to achieve separation of the strains representing B. subtilis from those of B. amyloliquefaciens when these tests were used.
Pyrolysis, a process whereby molecules are thermally degraded in an inert gas atmosphere, has enhanced the use of conventional gas-liquid chromatography by enabling nonvolatile compounds to be analyzed. Pyrolysis gas-liquid chromatography (PGLC) was fmt proposed as an approach to microbial differentiation by Oyama (15) during the development of a system aimed at detecting life on Mars. However, its potential in microbiology was not appreciated until Reiner (17) was able to distinguish different species of Mycobacterium and different serotypes of Escherichia coti in a reproducible manner. Since then, PGLC has been used in the differentiation of numerous types of bacteria (10, 18, 22) and fungi (5,231. The recent application of PGLC to aerobic sporeformers by Oxborrow et al. (12) (13) (14) indicates that, providing the cultural and chromatographic conditions remain constant, PGLC can be applied usefully to the characterization of bacilli.
The variation between pyrograms of the same strain and the high level of redundancy found in PGLC data require the application of data processing techniques capable of highlighting significant variations in the heights of specific peaks. Several methods for handling data in this t Present address: School of Chemistry, The University, Newcastle-upon-Tyne, NE1 7RU, United Kingdom.
way have been described (10, 16) , but as yet there is no agreement on the best statistical approach, and much work remains to be done in this field.
This paper reports on the usefulness of lowresolution PGLC when coupled to multivariate data analysis for differentiating closely related groups of bacteria and provides evidence for the separation of Bacillus antyloliquefaciens from Bacillus subtilis.
MATERIALS AND METHODS
Bacterial strains and growth conditions. The majority of the strains used ( 
Examination of strains by PGLC. (i) Sample
preparation. Samples were harvested from the membrane filters by using a sterile platinum loop and were stored in sterile distilled water at -4°C before analysis. Bacterial suspensions containing 80 to 100 pg of cells were applied directly to the platinum coil of a Chem- ical Data Systems 190 pyroprobe by using a microsyringe (Hamilton). Repeated firing of the probe in air at 50°C ensured evaporation of excess water.
(ii) Chromatography. Chromatographic analysis was carried out with a Perkin-Elmer F17 gas chromatograph fitted with dual glass columns (3 m by 5-mm inside diameter) packed with 10% Carbowax 20M-TPA on Chromosorb W 85-100 mesh AW-DMCS (Phase Separations Ltd., Queensferry, England). Pyrolysis was carried out in a stream of nitrogen (20 ml/ min) at 850°C for 10 s. An injection temperature of 250°C was used. Refiring of a clean probe resulted in no shadow chromatograms. After an initial hold at 75°C for 2 min, the oven temperature was increased 10"C/min to 200°C and held at that temperature. Raising the temperature to 230°C after an analysis removed the compounds with higher boiling points, thereby cleaning the column. The total analysis time was approximately 50 min. Output from the column was detected by a flame ionization detector with an attenuation of 32 and was recorded at 1 cm/min on two parallel chart recorders set at full-scale deflections of 2 and 5 mV.
(iii) Data collection. Each culture was plated in duplicate, and the suspensions from each plate were analyzed twice. A base line was set manually across each cluster of peaks in each pyrogram. Although setting the base line was 811 arbitrary procedure, once established for this study, it was set for all of the pyrograms in the same way (Fig. 1) . A set of 23 reproducibly resolved peaks was chosen, and their heights were measured to the nearest millimeter. The criteria for choosing these peaks were that they showed the same relative retention time on each pyrogram and that their heights could be measured in every case. To remove variation due to sample size, these 23 peaks were standardized to a common total peak height. This was done by dividing each of the 23 peaks on each py-rogram by the sum of the 23 peaks and multiplying the quotient by 1,OOO. In this way pyrograms of different sample sizes could be compared. The standardized data were analyzed by using the ICL system 4/70 computer at Rothamsted Experimental Station. Figures 2 and 3 show the mean peak heights of aJl of the pyrograms for each species (i.e., the species means) and illustrate the qualitative similarity and high redundancy of standardized peak height data from PGLC. Since it was not possible to select a single peak that differentiated all of the spe- h before washing with 0.1 M sodium ethylenediaminetetraacetate (pH 8.0). After washing, the cells were stored at -20°C.
The DNA was extracted 8s described by Saito and Miura (19) and was treated twice with ribonuclease A. In the hybridization experiments, a membrane filter bearing 50 pg of unlabeled, denatured DNA was incubated at 65°C for 64 h in 1 ml of a solution containing 0.3 M sodium chloride, 30 mM trisodium citrate, 0.1% dodecyl sulfate, and 4 x lo6 to 6 x lo3 cpm of labeled, heat-denatured DNA. Experiments were performed in triplicate, and hybrids were quantified by determining radioactivity of the filter paper after washing with 5 mM tris(hydroxymethy1)aminomethane (pH 9.5).
For certain organisms, particularly members of the B. subtilis and B. amyloliquefaciens groups, these conditions did not provide data which allowed an unambiguous characterization of species. When this occurred, an additional experiment, which tested the ?tability of the hybrids, was carried out. Filters used n the above-mentioned experiment were taken out of 1 he scintillation mixture, soaked for 2 h in toluol, and air dried. They were then heated at 75°C for 1 h in a solution containing 0.15 M sodium chloride, 15 mM disodium citrate, and 0.1% sodium dodecyl sulfate and were washed and counted again.
INT. J. SYST. BACTERIOL. Biochemical tests. Organisms were examined by a number of tests, as described by Gordon et al. (8) for the identification of Bacillus species, with the modifications listed below. Stock cultures were kept on nutrient agar containing 10 mg of MnS04.H20 per 1,OOO ml, and each medium was inoculated by a loopful of culture grown at 30°C in nutrient broth for 45 h. Unless stated otherwise, incubation was at 30°C.
(i) Catalase production. Cultures grown on nutrient agar slants for 1 or 2 days were flooded with 3 ml of 10% hydrogen peroxide and were observed for gas production.
(ii) Anaerobic growth. A tube of nutrient broth supplemented with 1% (wt/vol) glucose was incubated in a GasPak anaerobic system (BBL Microbiology Systems). Growth (turbidity) was observed after 7 and 14 days. An aerobic culture served as a control for the suitability of inoculum and medium.
(iii) Egg yolk reaction. Egg yolk agar plates were prepared by mixing 50 ml of egg yolk emulsion (Oxoid) with sterilized nutrient agar containing 1% sodium chloride at 45°C and immediately pouring the mixture into petri dishes. An opaque zone around the colonies after 4 days of incubation at 30°C was considered to be a positive test.
(iv) Maximum temperature for growth. Instead of soil extract agar, nutrient agar was used.
(v) Hydrolysis of starch. Plates were developed with Gram iodine instead of ethanol.
(vi) Citrate utilization. The medium used consisted of the following: trisodium citrate (2 hydrate) (Na&8H507,2HzO), 1 g; potassium chloride, 1 g; MgS04.2Hz0, 1.2 g; diammonium hydrogen phosphate, 0.5 g; agar, 15 g; 0.04% (wt/vol) solution of phenol red, 20 ml; and distilled water, 1, OOO ml.
API systems. The API 20E and 50E systems (API Laboratory Products Ltd., Farnborough, England) are standardized, miniaturized versions of conventional tests for the identification of Enterobacteriaceae and other gram-negative bacteria. They are ready-to-use microtube systems developed from the Buissiere (3) modifcation of the Ivan Hall tube and contain 69 standard biochemical tests (Table 3) . Eight tests are common to the two systems.
The API ZYM systems are semiquantitative micromethods designed for the detection of enzymatic activities in a wide variety of specimens. They are a development of the Auxotab system described by Buissiire et d. (4 Bacterial strains were grown on nutrient agar (Difco) plates incubated overnight at 30°C. Harvested cells were suspended in the following: (i) 10 ml of API ammonium salts medium, which contained 2 g of ammonium sulfate, 0.5 g of yeast extract, 10 ml of the mineral base of Cohen-Bazire et al. (6) , and distilled water to 1 liter (pH 7) and corresponded to tube no. 2 of the MacFarland scale of standard opacities; (2) 4 ml of normal saline, which corresponded to tube no. 2 of the MacFarland scale; and (iii) 6 ml of normal saline, which corresponded to tube no. 6 of the MacFarland scale.
The API ME galleries and 20E strips were placed in plastic incubation chambers (previously moistened to maintain a humid atmosphere) and inoculated with suspensions i and ii, respectively. The last eight tests of the 20E strip were not inoculated because they were duplicated in the ME gallery. The galleries and strips were incubated for 48 h at 30°C. Reactions were read at 24 and 48 h, and reagents were added, when necessary, at the second reading.
Enzyme test strips were placed in incubation chambers (as for W E and 20E [see above]), and each cupule was inoculated with 0.05 ml of suspension iii. The strips were incubated in darkness at 30°C for 5 h. Under low-light conditions, 1 drop (0.025 ml) of 1 N NaOH was added to all but the first test of the ZYM I1 strip. Tests 2 to 8 were observed for a color reaction, and tests 9 and 10 were examined for fluorescence under ultraviolet light; 1 drop of API ZYM reagent A (buffer) and 1 drop of API ZYM reagent B (fast blue BB) were added to each cupule of the remaining strips. After 5 min any nonspecific yellowing of the color reagent was destroyed by exposure to bright daylight, and the color reactions were read with reference to the API ZYM color chart. Data analysis. The results of the API tests were regarded as two-state characters. The general similarity coefficient of Gower (9) was used to compute similarities, and clustering was achieved by complete linkage by using the GENSTAT package.
RESULTS
The results of the canonical variates analysis performed on the pyrograms are shown in Fig.   4 . This plot represents in two dimensions the scatter of the strain means in 23-dimensional
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CHARACTERIZATION OF BACILLUS 453 Figures indicate the degree of hybridization, expressed as a percentage of filter-bound reference DNA, after heating at 75°C. INT. J. SYST. BACTERIOL. space and displays 98% of the total generalized variation among groups. Of particular interest is the separation of B. subtilis from B. amyloliquefaciens, which suggests that pyrolysis products of these groups are consistently different, thereby supporting the recognition of B. amyloliquefaciens as a species distinct from B. subtilis. Table 4 shows the strain identities as determined on the basis of DNA-DNA hybridization. The relatively high homologies among B. subtilis, B. amyloliquefaciens, B. pumilus, and B. lichenifomis (compare values with those of B. breuis) support the generally accepted concept that these four species constitute a closely related group of organisms. In addition, these data show that B. subtilis and B. amyloliquefaciens are more related to one another than to B. pumilus or B. lichenifomis. The experimental conditions employed in this investigation were not stringent enough, and as a result several strains appeared to be intermediates. This was due primarily to variation in the quality (frlterbound DNA not in duplex formation) and/or the quantity of the membrane-bound DNA. To overcome this, an additional experiment (see above), which tested the stability of the hybrids, was carried out. Table 5 shows some typical results. This experiment enabled a positive identification of all of the strains. No intermediates were found. In every case but one (strain 3)) the initial identity was confjmed, and the homology data suggested that B. subtilis and B. amyloliquefaciens are separate groups. Figure 5 shows the results of applying cluster analysis to a series of API tests. The separation into groups agrees with the grouping obtained with PGLC and DNA-DNA hybridization and supports the separation of B. subtilis from B. amyloliquefaciens. However, two strains of B.
subtilis (strains 2 and 3) form a small, separate cluster which joins the main cluster at a similarity of 65%. The tests (expressed as fractions positive) which we believe are responsible for this separation are shown in Table 6 .
On the basis of the methods of Gordon et al. (8) (Table 7) ) it was possible to separate B. However, it was impossible to separate B. subtilis from B. amyloliquefaciens further. DISCUSSION B. subtilis, B. pumilus, and B. Zicheniformis represent a group oi phenotypically related species known as the B. subtilis spectrum. When subjected to a battery of tests, strains representing these species share many common properties and show relatively few characteristics by which they can be separated (8).
Welker and Campbell described B. amyloliquefaciens as a species distinct from B. subtilis VOL. 30, 1980 CHARACTERIZATION OF BACILLUS on the basis of its having a different guanine plus cytosine content in its DNA and a lower homogeneity of DNA, its failure to give crosstransduction of auxotrophic markers (24), and its different a-amylase production (25). In addition to these properties, these authors also described several physiological and biochemical characteristics by which the two species could be separated (24 (1) indicate that this is no longer the case. In a previous paper, MacF'ie et al. (10) reported on the discrimination of low-resolution pyrograms of different genera by using canonical variates analysis and outlined an approach to rapid identification of unknown samples relative to the original canonical variate axes. This paper is concerned primarily in applying PGLC to one particular problem area in Bacillus taxonomy, and it has shown that canonical variates analysis can discriminate between pyrograms of species that are phenotypically very similar.
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Canonical variates analysis separates groups of points only if there is a sense in which pyrograms of the groups are consistently different. To do this, prior knowledge of the taxonomic structure to be applied is essential. In this study the results of the DNA-DNA hybridizations confirm the validity of the structure applied (i.e., four group), and the discrimination shown by canonical variates analysis illustrates the ability of this approach to mimic taxonomies derived by other methods.
The hybridization results showed that strain 3 was more related to B. amyloliquefaciens than to B. subtilis. This suggested that this strain was wrongly allocated in the initial canonical varktesl analysis. However, Fig. 4 does not indicate any obvious difference between this strain and others of the 3. subtilis group. In canonical variates analysis all of the strains assigned to a group contribute to the variation within the group and consequently all have an effect on the position of the group mean. To test the allocation of strain 3, it was removed from the data base, and its distance from each of the group means was calculated. These distances showed that strain 3 was more related (closer) to B. amyloliquefaciens than to B. subtilis. Statistical methods which perform this calculation for all of the strains are available and are being investigated since they should provide valuable information on the stability of the discrimination obtained when canonical variates analysis is used.
